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Abstract
Electrical resistivity, magnetic susceptibility, and specific heat measurements on single crystals of
LaTr2Al20 with Tr = Mo and W revealed that these compounds exhibit superconductivity with transition
temperatures Tc = 3.22 and 1.81 K, respectively, achieving the highest values in the reported LaTr2Al20
compounds. There appears a positive correlation between Tc and the electronic specific heat coefficient,
which increases with increasing the number of 4d- and 5d-electrons.This finding indicates that filling of
the upper eg orbitals in the 4d and 5d bands plays an essential role for the significant enhancement of the
superconducting condensation energy. Possible roles played by the d electrons in the strongly correlated
electron phenomena appearing in RTr2Al20 are discussed.
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I. INTRODUCTION
Ternary intermetallic compounds containing rare-earth ions are the subject of continuous in-
terest in the fields of strongly correlated electron physics. Among them, a family of RTr2X20 (R :
rare earths, Tr : transition metals, X : Al, Zn, and Cd), which crystallize in the cubic CeCr2Al20-
type structure (Fd3¯m, #227), have attracted considerable attention in recent years, because a wide
variety of exotic electron states caused by strong hybridization of f -electrons with non- f -ligands
have been observed. A heavy fermion (HF) behavior appears in YbCo2Zn20 with an electronic
specific heat coefficient of 8 J/(mol K2), which is the largest among Yb compounds [1–3]. In a
HF state of YbIr2Zn20, a metamagnetic anomaly occurs at around 10 T [4]. SmTr2Al20 (Tr = Ti,
V, Nb, and Ta) exhibit rare Sm-based HF behaviors, which are anomalously field-insensitive [5–
8]. Many of PrTr2X20 compounds have a non-Kramers Γ3 doublet crystalline-electric-field ground
state of Pr ions, and exhibit quadrupole Kondo lattice behaviors [9–14]. Therefore, the supercon-
ductivity (SC) appearing in the PrTr2X20 compounds is presumed to be induced by quadrupolar
fluctuations [15–19]. In Ce- and U-based compounds, strongly correlated electron behaviors have
also been reported [20–22].
The SC appearing in RTr2X20 with nonmagnetic R ions has been discussed in terms of the cage
structure, which is one of the characteristic features of the CeCr2Al20-type crystal structure. The
R ions at the 8a site with cubic Td symmetry are located at the center of an X16 cage. In RxV2Al20
with R = Al and Ga (the SC transition temperatures Tc are 1.49 and 1.66 K, respectively), the
cage-center R ions show anharmonic large-amplitude oscillations as observed in filled skutteru-
dites [23], which are considered to enhance Tc through the electron-phonon coupling [24–27].
Superconductors of R = Sc, Y, and Lu seems to have similar features [28]. For recently-found
superconductors of LaTr2Al20 with Tr = Ti, V, Nb, and Ta (Tc ranging from 0.15 to 1.05 K) [29],
however, the cage does not have enough space for such anharmonic large-amplitude oscillations
and the reason for the largely distributed Tc remains to be clarified.
In this paper, we study LaTr2Al20 with Tr = Mo and W using single crystals. The results
reveal that these compounds are new superconductors with the highest Tc values among LaTr2Al20
compounds. Comparison among all these compounds suggests that the d-band filling plays an
essential role for determining the superconducting properties in LaTr2Al20.
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TABLE I. Crystallographic parameters of LaTr2Al20 (Tr =Mo and W) at room temperature. R and wR are
reliability factors. Beq is the equivalent isotropic atomic displacement parameter. Occ. is the site occupancy.
Standard deviations in the positions of the least significant digits are given in parentheses.
LaMo2Al20 R = 1.94%, wR = 3.67%
Fd3¯m (♯227) (origin choice 2) a = 14.6631(13) Å, V = 3152.7(5) Å3
Position
Atom Site x y z Beq(Å2) Occ.
La 8a 1/8 1/8 1/8 0.738(17) 1
Mo 16d 1/2 1/2 1/2 0.54(2) 0.928(4)
Al(1) 96g 0.05870(5) 0.05870(5) 0.32549(7) 0.82(3) 1
Al(2) 48 f 0.48694(10) 1/8 1/8 0.82(3) 1
Al(3) 16c 0 0 0 1.79(5) 1
LaW2Al20 R = 1.04%, wR = 2.76%
Fd3¯m (♯227) (origin choice 2) a = 14.6813(11) Å, V = 3164.4(4) Å3
Position
Atom Site x y z Beq(Å2) Occ.
La 8a 1/8 1/8 1/8 0.667(15) 1
W 16d 1/2 1/2 1/2 0.437(12) 0.848(2)
Al(1) 96g 0.05872(4) 0.05872(4) 0.32575(6) 0.89(2) 1
Al(2) 48 f 0.48720(9) 1/8 1/8 0.91(2) 1
Al(3) 16c 0 0 0 1.74(5) 1
II. EXPERIMENTAL DETAILS
Single crystals of LaTr2Al20 (Tr = Mo and W) were grown by the Al self-flux method. The
starting materials were La chips (99.9%), Al grains (99.99%) and powders of Mo (99.99%) and W
(99.99%). With an atomic ratio of La:Mo:Al = 1:2:50 and La:W:Al = 1:2:90, the starting materials
were put in an alumina crucible and sealed in a quartz tube. The quartz tube was heated up to 1050
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oC and then slowly cooled. Single crystals were obtained by spinning the ampoule in a centrifuge
in order to remove the excess Al flux.
The electrical resistivity ρ and specific heat C were measured using a Quantum Design (QD)
Physical PropertyMeasurement System (PPMS) equipped with a Helium-3 cryostat. The magnetic
susceptibility χ was measured down to 2 K using a QD Magnetic Property Measurement System
(MPMS).
III. RESULTS AND DISCUSSION
Single crystal X-ray diffraction analysis was performed using a Rigaku XtaLABmini with
graphite monochromated Mo-Kα radiation. The structural parameters refined using the program
SHELX-97 [30] are shown in Table I. The lattice parameters a are close to those in the previous re-
port [33]. The equivalent isotropic atomic displacement parameter Beq of Al(3) at the 16c site has
relatively large values: Beq = 1.74− 1.79 Å2. This feature is characteristic to RTr2X20 compounds;
see Refs.[29, 34, 35] for X = Al and Refs. [15, 31, 32] for X = Zn. The cage-center La ions at
the 8a site have normal values, in contrast to RxV2Al20 (R = Al and Ga), in which the cage-center
R ions are suggested to have anharmonic rattling modes [24–27]. The occupancy of Mo and W
sites was found to be less than one. Similar feature was also observed for CeMo2Al20 [33]. This
could mean that these Tr sites are partially substituted by Al atoms because of the similarity in the
metallic radii [36].
The temperature dependence of resistivity ρ(T ) divided by ρ(300 K) is shown in Fig. 1. The
residual resistivity ratio RRR ≡ ρ(300 K)/ρres (ρres: the residual resistivity) is 1.8 for W and 9.1
for Mo. Figures 2(a-d) show the low-temperature expansion of ρ(T, H) data. In zero field, both
compounds show SC transitions with the onset at 3.4 K for Mo and 2.6 K for W. In the applied
fields, the transition temperature shifts to lower temperatures. The details are discussed below.
The temperature dependence of specific heat C divided by temperature as a function of T 2 is
shown in Fig. 3. The normal-state C/T data can be well described by C/T = γ+βT 2, where γ and
β are the electronic and phonon specific heat coefficients, respectively. The Debye temperature ΘD
is obtained from ΘD =
3
√
(12/5)π4nR/β, where n = 23 is the number of atoms per formula unit
and R is the gas constant. The obtained parameters are summarized in Table II.
The temperature dependence of the electronic contribution to the specific heat Cel/T ≡ C/T −
βT 2 is shown in Fig. 4. A clear specific heat jump appears at 3.22 K (Mo) and 1.81 K (W), which
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FIG. 1. (a) Temperature dependence of electrical resistivity ρ for LaTr2Al20 (Tr = Mo and W) with the
current along the 〈110〉 direction.
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FIG. 2. Temperature and magnetic field dependences of electrical resistivity ρ for LaTr2Al20 (Tr =Mo and
W) measured at low temperatures with the current along the [11¯0] direction in the fields along the [111]
direction.
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FIG. 3. Temperature dependence of specific heat C divided by temperature as a function of T 2 for LaTr2Al20
(Tr =Mo and W).
is referred to as the bulk SC transition temperature Tc hereinafter. The fitting of the Cel(T ) data by
the α model [37, 38] is shown by the solid curve. The obtained α value is 1.74 and 1.75 for Mo
and W, respectively, which is close to 1.764 expected from the BCS theory, suggesting that they
are weak-coupling superconductors.
The bulk nature of the superconductivity in LaMo2Al20 has been confirmed by magnetic-
susceptibility (χ) measurements. The temperature dependence of χ measured in 10 Oe is shown
in Fig. 5. The diamagnetic signal develops below Tc. The 4πχ values of the order of -1 far below
Tc suggest that the SC volume fraction reaches approximately 100%.
The H-vs-T SC phase diagram constructed using the ρ, Cel, and χ data is shown in Fig. 6.
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FIG. 4. Temperature dependence of the electronic contribution to the specific heat Cel/T ≡ C/T − βT 2 (the
lower panel) for LaTr2Al20 (Tr =Mo and W). The solid curves represent the fitting by the αmodel [37, 38].
The values of Hc2(0) are much lower than the Pauli-limiting field HP = (1.84×104 Oe/K) Tc [39],
suggesting that Hc2(0) is determined by the orbital depairing effect. The temperature dependence
of Hc2 can be well described by the Werthamer-Helfand-Hohenberg (WHH) clean-limit expres-
sion [40, 41], as shown by the solid curves in Fig. 6. In this model, Hc2(0) can be expressed
as
Hc2(0) = −0.73 ×
dHc2
dT
|T=TcTc =
φ0
2πξ2GL
, (1)
where φ0 and ξGL are the quantum magnetic flux and the Ginzburg-Landau (GL) coherence length,
respectively. The GL parameter κGL, which is equal to the Maki parameter [42] κ2(T → Tc), is
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FIG. 5. Temperature dependence of magnetic susceptibility χ for LaMo2Al20. The zero-field-cooled (ZFC)
warming data and the field-cooled (FC) data for the applied magnetic field of 10 Oe are shown.
determined using the thermodynamic relation [43]:
∆Cvol
T
|T=Tc = (
dHc2
dT
|T=Tc)2
1
4π(2κ22 − 1)βA
, (2)
where ∆Cvol is measured per unit volume [unit: erg/(K cm3)], and βA = 1.16 for a triangular vortex
lattice. The thermodynamic critical field Hc(0) = α
√
(6/π)γvolTc [38], the London penetration
depth λL = κGLξGL, and the lower critical field Hc1 = Hc(0) ln κGL/(
√
2κGL) are also calculated.
The obtained characteristic parameters are summarized in Table II.
The electron-phonon coupling constant λe–ph is obtained using McMillan’s formula
λe–ph =
1.04 + µ∗ ln( ΘD1.45Tc )
(1 − 0.62µ∗) ln( ΘD1.45Tc ) − 1.04
, (3)
where the Coulomb coupling constant µ∗ is assumed to be 0.13 [44]. The fact that λe–ph = 0.48 −
0.50 is consistent with the above-mentioned weak-coupling nature of the superconductivity.
In the crystal structure of RTr2Al20, the Al16 cage includes a guest R ion at the center (8a site)
as shown in the inset of Fig. 7. In Ref. [29], we have introduced a parameter to quantify the
“guest free space” as dGFS ≡ dR−Al − (rR + rAl), where dR−Al ≡ (12dR−Al(96g) + 4dR−Al(16c))/16 is the
average distance between R and Al in the cage, and rR and rAl are the covalent radii for R and Al
ions, respectively [45]. dR−Al is calculated using the results of the single-crystal X-ray diffraction
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FIG. 6. H-T phase diagram of LaTr2Al20 with Tr = Mo and W in comparison with Tr = Nb and Ta [29].
Filled circles represent the bulk SC transition points obtained from the C(T, H) data, which can be well
described by the Werthamer-Helfand-Hohenberg (WHH) clean-limit model (solid curves) [40, 41]. The
“cross” and “plus” symbols designate resistive transition points defined at 75% and 0% of the normal-state
resistance, respectively. These points obtained from the ρ(T, H) data provide higher values of Tc and Hc2
compared to those from the C(T, H) data, more significantly for Tr = W. This observation indicates that a
minor part of the single crystal has higher Tc’s and Hc2’s, which are detected by the ρ measurements.
analysis shown in Table I. In Fig. 7, we show Tc vs. dGFS for RTr2Al20 with nonmagnetic R ions;
this is a revised one of Fig. 5 in Ref. [29]. Nonmagnetic RTr2Al20 superconductors are classified
into two groups, i.e., (A) dGFS , 0 and Tc correlates with dGFS, and (B) dGFS ≃ 0 and Tc seems
to be governed by other factors. For group (A), it is thought that Tc is enhanced by the “rattling”
anharmonic vibration modes of Ga, Al, Sc, and Lu ions due to the coupling with conduction
electrons [24–28]. In contrast, all the data points in group (B) fall almost into a vertical line with
dGFS ≃ 0, indicating that these LaTr2Al20 compounds do not have guest free space and the large Tc
distribution is not associated with the La ion oscillations.
The distribution of Tc among LaTr2Al20 is remarkably large; Tc(Tr =Mo)/Tc(Tr =V) =
3.22/0.15 ≃ 22. Figure 8 shows Tc vs. the electronic specific heat coefficient γ for all LaTr2Al20
superconductors. This figure clearly demonstrates that there is a positive correlation between Tc
and γ. Tr ions are located at sites with trigonal point symmetry D3d. Due to the crystalline-electric
field effect, the fivefold degenerate d orbitals of a Tr ion split into a low-energy singlet (a1g) and
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FIG. 7. Tc vs dGFS ≡ dR−Al − (rR + rAl) quantifying the “guest free space” of nonmagnetic cage-center R
ions for RTr2Al20 (see text for details). The data except for LaMo2Al20 and LaW2Al20 are taken from Fig.5
in Ref. [29]. This figure demonstrates that nonmagnetic RTr2Al20 superconductors are classified into two
groups, i.e., (A) dGFS , 0 and Tc correlates with dGFS, and (B) dGFS ≃ 0 and Tc seems to be governed
by other factors. Note that superconductors PrTi2Al20 [16] and PrV2Al20 [18], and field-insensitive HF
compounds SmTr2Al20 (Tr= Ti, V, Cr, and Ta) [5–7] also have dGFS ≃ 0. The inset picture shows the
structure of a R(8a)-Al16(96g, 16c) cage; Al16 forms a CN 16 Frank-Kasper polyhedron.
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TABLE II. Characteristic parameters of LaTr2Al20 superconductors (see text for definitions). The errors in
the last significant digit(s) are indicated in parentheses.
compounds LaMo2Al20 LaW2Al20
Tc (K) 3.22 1.81
γ (mJ/mol K2) 33.1 26.7
α 1.74 1.75
∆C/γTc 1.32 1.37
ΘD (K) 511 383
λe–ph 0.504 0.476
Hc(0) (Oe) 219 111
dHc2
dT
|T=Tc (Oe/K) -3240 -2860
Hc2(0) (Oe) 7620 3770
ξGL (Å) 207 295
κGL = κ2(T → Tc) 14.0 13.5
λL = κGLξGL (Å) 2900 3980
Hc1(0) (Oe) 29 15
two high-energy doublets (eg) [46]. Electronic band structure calculations for Tr = Ti, V, and
Cr [46] suggest that there is a ferromagnetic instability, which becomes more dominant with 3d-
electron filling into the upper eg orbitals approaching Cr; the calculated Stoner factor of LaCr2Al20
is relatively high although no ferromagnetic ordering has been observed experimentally. This in-
stability may be one of the possible reasons for the suppressed Tc values for those 3d compounds.
On the contrary, for the 4d and 5d compounds, Fig. 8 demonstrates that the 4d(5d) electron filling
with Nb→Mo (Ta→W) boosts up the Tc value. The increased γ values with the electron filling
indicate enhancements in the density of states at the Fermi energy and/or in the effective mass of
conduction electrons for Tr = Mo and W. Actually, as shown in Fig. 6, dHc2/dT |T=Tc increases
as Nb→Mo (Ta→W), providing evidence for the mass enhancement. With these features, we
speculate that the filling of the upper eg orbitals in the 4d(5d) bands significantly enhances the SC
condensation energy.
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IV. SUMMARY
We have studied the electrical resistivity, magnetic susceptibility, and specific heat of single
crystalline LaMo2Al20 and LaW2Al20. It has been revealed that these compounds exhibit super-
conductivity with transition temperatures Tc = 3.22 and 1.81 K, respectively, achieving the highest
values in the reported LaTr2Al20 compounds. The values of Tc exhibit a positive correlation with
the electronic specific heat coefficient γ, which increases with the 4d and 5d electron filling. This
finding indicates that the upper eg orbitals in the 4d and 5d bands play an essential role for the
significant enhancement of the SC condensation energy.
In the realization of the several types of strongly correlated electron phenomena in RTr2Al20,
the roles played by d electrons have not been clarified yet. According to the calculated band struc-
tures [46], the Fermi surface structures change drastically with the d band filling. Therefore, the
strength of hybridization with the f electrons of R ions is expected to change depending on the
Tr elements. Further studies on the features of d electron orbitals in RTr2Al20 may help to under-
stand the unsolved problems in Sm-based field-insensitive heavy-fermion behaviors and Pr-based
quadrupole Kondo lattice behaviors accompanied by superconductivity induced by quadrupolar
fluctuations.
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